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•  Improve	
  understanding	
  and	
  predic2on	
  of	
  
intraseasonal	
  to	
  mul2decadal	
  variability	
  

•  Improve	
  predic2on	
  of	
  transient	
  climate	
  change	
  
and	
  role	
  of	
  the	
  ocean	
  in	
  the	
  climate	
  system	
  

•  Improve	
  predic2on	
  of	
  changes	
  in	
  	
  regional	
  
climate,	
  hydrology,	
  and	
  extremes	
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•  Control	
  Simula-on:	
  280	
  yrs	
  with	
  1990	
  fixed	
  forcings	
  

•  Idealized	
  Climate	
  Change:	
  1%	
  increase	
  in	
  CO2	
  annually	
  un2l	
  2xCO2	
  
in	
  year	
  70,	
  constant	
  thereaEer	
  un2l	
  year	
  140	
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•  Minimums	
  are	
  
reached	
  in	
  August	
  
across	
  all	
  
climatologies	
  

•  CM2.5	
  tracks	
  well	
  
August-­‐January	
  	
  

•  The	
  maximum	
  SCA	
  
is	
  reached	
  later	
  in	
  
CM2.5	
  
–  Bias	
  source:	
  CM2.5	
  

con2nues	
  to	
  
accumulate	
  snow	
  
when	
  Rutgers	
  &	
  
CM2.1	
  show	
  losses	
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(a) Global Mean Annual Temperature
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(b) Global Total Annual Precipitation Change
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(c) Global Total Annual Snowfall Change

 

 

CM2.5
CM2.1

CO2	
  increases	
  1%	
  per	
  
year	
  un-l	
  doubling	
  

in	
  year	
  70	
  

Total	
  precipita-on	
  
(where	
  snowfall>5cm)	
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 Temperature	
  
INCREASES	
  in	
  
both	
  models,	
  
with	
  a	
  greater	
  
increase	
  in	
  
CM2.5	
  

 Precipita2on	
  
INCREASES	
  are	
  
also	
  greater	
  in	
  
CM2.5	
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(c) Global Total Annual Snowfall Change

 

 

CM2.5
CM2.1

Snowfall	
  DECREASES	
  in	
  both	
  models,	
  with	
  
a	
  greater	
  loss	
  in	
  CM2.5	
  DESPITE	
  a	
  greater	
  

INCREASE	
  in	
  precipita2on	
  

CM2.5	
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•  Snow	
  covered	
  area	
  
over	
  the	
  Northern	
  
Hemisphere	
  is	
  
projected	
  to	
  
decline	
  

•  Reduc2on	
  
magnitude	
  varies	
  
over:	
  
–  Season	
  
(greatest	
  
change	
  in	
  
spring)	
  

–  Model	
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The relatively short length of most instrumental climate records
restricts the study of climate variability1,2, and it is therefore
essential to extend the record into the past with the help of proxy
data. Only since the late 1940s have atmospheric data been
available3 that are sufficient in quality and spatial resolution to
identify the dominant patterns of climate variability, such as the
Pacific North America pattern4,5 and the Pacific Decadal Oscil-
lation6. Here we present a 301-year snow accumulation record
from an ice core at a height of 5,340 m above sea level—from
Mount Logan, in northwestern North America. This record
shows features that are closely linked with the Pacific North
America pattern for the period of instrumental data availability.
Our record extends back in time to cover the period from the
closing stages of the Little Ice Age to the warmest decade in the
past millennium7. We find a positive, accelerating trend in snow
accumulation after the middle of the nineteenth century. This
trend is paralleled by a warming over northwestern North
America which has been associated with secular changes in
both the Pacific North America pattern and the Pacific Decadal
Oscillation.

Mount Logan, located in the heavily glaciated Saint Elias moun-
tains of the Yukon, is the highest mountain in Canada and is
situated in a region of climatological importance. It is located at
the end of the major North Pacific storm track8 along the main
atmospheric pathway by which water vapour enters northwestern
Canada9. In 1980, a 103-m ice core was retrieved from a high
elevation site (5,340m above sea level) on the mountain. Recent
shallow coring and snow-pit sampling at the site have extended the
ice-core record to the year 2000. Stratigraphic techniques10–12 allow
for the retrieval of annual snow accumulation data extending from
1693 to 2000. The section before 1736 did not have annual snow
accumulations assigned throughout owing to a lack of reliable
seasonal indicators10. It has been shown that the annual snow

accumulation time series from this ice core contains information
on circulation and temperature patterns throughout the North
Pacific region13,14.
Figure 1 shows the updated snow accumulation time series from

the Mount Logan site over the period 1700–2000. The time series
exhibits variability on both the interannual as well as interdecadal
timescales13. Furthermore, Fig. 1 indicates that snow accumulation
at the site has increased over this period, with much of the increase
occurring during the latter half of the record. To assess the statistical
significance of this increase, we tested the validity of the null
hypothesis that the trend in annual snow accumulation at the site,
obtained with the least-squares method, is indistinguishable from
zero. To counteract the known tendency of geophysical time series
to exhibit elevated power at low frequencies15, we assumed that the
regression residuals are temporally correlated. As a result, we used a
reduced effective sample size, which is a function of the lag-1 (year)
autocorrelation of the regression residuals, in the test of statistical
significance16. This test showed that from 1736–1850 the trend was
not significantly different from zero. The lack of any trend during
this period is also consistent with the data from 1700–35. Over the
more recent portion of the record, from 1851 onwards, the trend is
significant at the 95% confidence level. Furthermore, there is
evidence for a recent acceleration in the rate of snow accumulation.
In Table 1, we show that over the period 1948–2000, the trend was
approximately four times as large as over the period 1851–2000. An
even more rapid increase has occurred over the period 1976–2000.
Given the results presented in Fig. 1 and Table 1, we seek to

identify trends in the region that have contributed to the observed
increase in snow accumulation at the site. Figure 2 shows the trend
in winter mean surface temperature in the North Pacific region as
contained in the HADCRUTv data set17. Results are shown for the
entire period of this data set, 1870–1999, as well as for the period
1948–99. Over the entire period, the dominant feature in this field is
a warming in northwestern North America and the adjoining
northeast Pacific Ocean. In addition to this feature, over the past
52 years there has also been a cooling over the North Pacific. There is
also amarked increase in the rate of warming over North America in
recent years17,18.
Figure 3 shows the regression of the winter mean 500-mbar

geopotential height, vertically integrated moisture transport and
1,000–500-mbar thickness fields from the National Center for
Environmental Prediction (NCEP) reanalysis3,19 for the period
1948–2000 with the annual snow accumulation time series from
the Mount Logan ice core. The 500-mbar pressure surface is located
at the approximate elevation of the ice core site and its height is

Figure 1 Annual snow accumulation (m water equivalent) at the Mount Logan site 1700–

2000. Data in the pre-1736 era that is not annually resolved is indicated by the dashed

lines.

letters to nature

NATURE |VOL 420 | 28 NOVEMBER 2002 | www.nature.com/nature 401© 2002        Nature  Publishing Group

Mount	
  Logan	
  (Canada)	
  

Sources:	
  Moore	
  et	
  al.	
  2002,	
  Nature;	
  Bolch	
  et	
  al.	
  2012,	
  Science	
  	
  

Karakoram	
  vs.	
  Himalayas	
  

for predictions, but only very few measurements
exist (4). Percentage changes in glacier volume
are very likely to exceed percentage area changes,
because a large part of the H-K ice is located in
the low-lying and flat (and thus thick) tongues of
the largest valley glaciers. Projections for the
Karakoram glaciers will remain impractical until
the reasons for their observed anomalous behav-
ior, including their propensity to surge, are better
understood (27, 29). The evidence of stability or
even mass gain in the Karakoram, which may be
ascribable to increased winter precipitation and
reduced summer temperature, was recently con-
firmed by direct measurement (43).

Impacts of Glacier Changes in the Himalaya
Glacier change affects the hydrological cycle. A
negative annual mass budget yields a surplus of
runoff from glacier ice, whereas a positive budget
yields a deficit of runoff because snow has gone
into storage on the glacier. When glacier ice (as
opposed to winter snow) is lost in the long term,

the annual hydrograph evolves toward that of
an equivalent glacier-free catchment. The relative
importance of this loss of glacier ice necessarily
decreases downstream, but it differs fundamen-
tally under different precipitation regimes (2). The
runoff contribution from glacier imbalance is rel-
atively minor in the wetter monsoonal catch-
ments of the Ganges and Brahmaputra but more
substantial in the drier westerly dominated head-
waters of the Indus (1, 2) (table S7).

Projections of the diminishing contribution of
seasonal snow to annual runoff indicate reduced
maximum flows in spring and an increase by
over 30% of the glacier contribution to total run-
off (52). Runoff in strongly glaciated catchments,
especially in the Karakoram, will likely not de-
crease due to deglaciation before the end of the
21st century (53). Currently, gauging stations in
the extensively glaciatedHunza basin (Karakoram)
show reduced runoff, consistent with climate
records (14) and indications of a positive mass
budget for glaciers in the Karakoram (29, 43, 46).

Rough predictions of runoff for the Langtang
Valley (Nepal) suggest that total discharge might
even increase during the next decades (51). How-
ever, this is mainly attributable to a projected in-
crease in precipitation; the contribution of glaciers
to discharge may decrease after ~2040. Unlike in
regions with winter-accumulation–type glaciers,
where an earlier peak of spring snowmelt is ex-
pected, the monsoon-influenced Himalaya will
maintain peak discharge in summer even with
strongly reduced glacier sizes (1, 2). Runoff from
less glaciated catchments will probably decrease,
especially in the central and eastern Himalaya, as
glaciers continue to shrink (53). In the absence of
a clear trend in glacier shrinkage in the Karakoram
and parts of the northwestern Himalaya, consti-
tuting important parts of the Indus catchment, we
would not expect large changes in the discharge
of the Indus River during the next decades. A cor-
ollary of the confirmation of the Karakoram anom-
aly is that the contribution of Karakoram glaciers
to sea-level rise has been overestimated (43).
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Fig. 3. Measured rates of change in mass budget (A) and area (B) and of a
sample of cumulative length changemeasurements (C). For locations, see Fig. 1;
for sources, see tables S3, S5, and S6. (A) Glaciological measurements are those
made annually in situ; geodetic measurements, mostly multiannual, compare a
later surface elevation (mostly derived from photogrammetric surveys) to an
earlier one. Each budget is drawn as a thick horizontal line contained in a

T1 standard deviation box (T1 standard error for geodetic measurements). (B)
Area shrinkage in recent decades. No statistically significant difference between
the regions can be discerned. Uncertainties appear to be high but are as yet
poorly assessed. (C) The glacier retreat since the mid-19th century is obvious in
the Himalaya, with the exception of the glaciers at Nanga Parbat in the
northwest (RA, CL). Glaciers in the Karakoram show complex behavior.
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The State and Fate of HimalayanGlaciers
T. Bolch,1,2* A. Kulkarni,3 A. Kääb,4 C. Huggel,1,5 F. Paul,1 J. G. Cogley,6 H. Frey,1,5 J. S. Kargel,7

K. Fujita,8 M. Scheel,1,5 S. Bajracharya,9 M. Stoffel5,10

Himalayan glaciers are a focus of public and scientific debate. Prevailing uncertainties are of
major concern because some projections of their future have serious implications for water resources.
Most Himalayan glaciers are losing mass at rates similar to glaciers elsewhere, except for emerging
indications of stability or mass gain in the Karakoram. A poor understanding of the processes
affecting them, combined with the diversity of climatic conditions and the extremes of topographical
relief within the region, makes projections speculative. Nevertheless, it is unlikely that dramatic
changes in total runoff will occur soon, although continuing shrinkage outside the Karakoram will
increase the seasonality of runoff, affect irrigation and hydropower, and alter hazards.

Almost 800 million people live in the
catchments of the Indus, Ganges, and
Brahmaputra rivers and rely to varying

extents (in particular during dry seasons and
in mountain valleys) on the water released from
glaciers (1, 2) that constitute the most exten-
sive glacier cover outside Alaska and the Arctic
(3). Published estimates of glacier coverage for
the Himalaya and Karakoram (H-K), mostly
based on historic data, vary between 43,178 km2

and 49,650 km2 (table S1). Our best estimate
for H-K, as defined in fig. S1 (4), mainly based
on mapping using recent satellite images (4) is
~40,800 km2 (Himalaya, ~22,800 km2;Karakoram,
~18,000 km2) (table S2). Glacier volume cannot
be measured directly over regional scales but
must be modeled. Empirical estimates are highly
uncertain and range from about 2300 km3, taking
the slope-dependent ice thickness into account,
to ~3600 to ~6500 km3 based on volume-area
scaling (4) (table S2).

Glaciers are natural buffers of hydrological
seasonality, releasing meltwater during summer
and early autumn in particular. They represent a
local water resource in the mountains but also in-
fluence runoff into lowland rivers, recharge river-
fed aquifers, and contribute to global sea-level
change (1, 5). Regional climates are heterogeneous,
and the socioeconomic importance of glacier
meltwater varies over the H-K. It is a major source
of stream flow in parts of the H-K having little
summer precipitation, especially the Karakoram

and northwestern Himalaya, but is less important
in monsoon-dominated regions with abundant
summer precipitation (3,5). This spatial variability
influences meltwater regimes, in turn affecting the
availability of water for hydropower generation,
agriculture, and ecosystems (6). Glacier change
also alters risks due to glacial hazards, not least
from glacial lake outburst floods (GLOFs) (7).

Recent controversy about future Himalayan
glacier change, largely fueled by an erroneous
statement in the Intergovernmental Panel on Cli-
mate Change (IPCC) Fourth Assessment Report
(8), has exposed major gaps in our knowledge
of the behavior of the region’s glaciers: Annual
amounts of ice and snow melt along with its
seasonal and spatial variability, as well as the
contributions of precipitation to discharge, are
all uncertain (1, 6). These gaps are due to insuf-
ficient numbers of in situ measurements, for
which remote sensing only partially substitutes.
There are few high-elevation weather stations and
no long-term field measurement programs on gla-
ciers, and information about current ice extent
is nonuniform and unsatisfactory in places (4). This
can be attributed to the remote location of gla-
ciers, the rugged terrain, and a complex political
situation, all of which make physical access dif-
ficult. Here, we review the state of knowledge
about key characteristics, current extent, and
changes of H-K glaciers since the mid-19th cen-
tury.We also discuss projections of possible future
changes, summarize important implications for
water resources and natural hazards, and close by
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Fig. 1. (A) Map of the Karakoram and Himalaya showing the major river basins and the locations of
measured rates of change in area and of a sample of glacier length change and mass budget mea-
surements (4) (tables S3, S5, and S6). (B) Main wind systems. (C) Mean precipitation in January and
July. [Source: (9)]

20 APRIL 2012 VOL 336 SCIENCE www.sciencemag.org310

 o
n 

M
ar

ch
 4

, 2
01

3
ww

w.
sc

ie
nc

em
ag

.o
rg

Do
wn

lo
ad

ed
 fr

om
 



•  The	
  present-­‐climate	
  of	
  snow	
  is	
  becer	
  represented	
  by	
  
the	
  high	
  resolu2on	
  model	
  
– Over	
  complex	
  topography	
  
– Northern	
  Hemisphere	
  SCA	
  seasonal	
  cycle	
  

•  The	
  global	
  and	
  hemisphere	
  averaged	
  values	
  (snowfall	
  
and	
  SCA)	
  are	
  uniformly	
  nega2ve	
  under	
  2xCO2	
  

•  High	
  la2tude	
  and	
  certain	
  high	
  al2tude	
  show	
  increases	
  
in	
  snowfall	
  due	
  to	
  the	
  precipita2on	
  signal	
  
overwhelming	
  influences	
  of	
  temperature	
  
–  The	
  sign	
  of	
  snowfall	
  over	
  complex	
  topography	
  CHANGES	
  
from	
  nega-ve	
  to	
  posi-ve	
  when	
  increasing	
  resolu2on	
  in	
  a	
  
few	
  unique	
  loca2ons	
  


